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Rba. sphaeroidessubstituent is known to substantially inﬂuence the electron afﬁnity and vibrational
spectroscopyof benzoquinones, andhasbeen suggested tobe important indetermining the functionof ubiquinone
as a redox cofactor in bioenergetics. Ubiquinone functions as both the primary (QA) and secondary (QB) quinone in
the reaction centers of many purple photosynthetic bacteria, and is almost unique in its ability to establish the
necessary redox free energy gap for 1-electron transfer between them. The role of themethoxy substitution in this
requirement was examined using monomethoxy analogues of ubiquinone-4 — 2-methoxy-3,5-dimethyl-6-
isoprenyl-1,4-benzoquinone (2-MeO-Q) and 3-methoxy-2,5-dimethyl-6-isoprenyl-1,4-benzoquinone (3-MeO-
Q). Only 2-MeO-Q was able to simultaneously act as QA and QB and the necessary redox potential tuning was
shown to occur in the QB site. In the absence of active QB, the IR spectrum of the monomethoxy quinones was
examined in vitro and in the QA site, and a novel distinction between the two methoxy groups was tentatively
identiﬁed, consistent with the unique role of the 2-methoxy group in distinguishing QA and QB functionality.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Photosynthetic reaction centers exhibit strong two-fold symmetry,
although many are functionally highly asymmetrical. In the purple
photosynthetic bacterium, Rhodobacter (Rba.) sphaeroides, this ex-
tends to the two quinones, QA and QB, that act in series to form quinol
after two light-activated turnovers. Both quinones are ubiquinone
(UQ-10), but differ in their redox chemistry. This includes a 75 mV
difference in 1-electron redox midpoint potentials, which is necessary
to drive electron transfer forward: QA−QB↔QAQB− (KAB(1)=10–20) [1,2].
Comparison of such paired cofactors, of which the RC provides many
examples, presents an ideal system for studying how proteins tune the
physical properties of bound cofactors, a key issue in understanding
biology at a mechanistic level [3].
Quinone reconstitution studies on RCs of Rba. sphaeroides have
shown that the QA site can bind a wide range of quinones and quino-
noid compounds that are capable of accepting an electron from the
primary photochemical processes, and such studies have provided
information on the nature of the QA binding site [4–10].
In contrast to QA, QB cannot be easily reconstituted by other qui-
nones. Comparative studies indicate that the afﬁnity of substituted, 419 Roger Adams Laboratory/
ue, Urbana, IL 61801, USA.
t).
l rights reserved.benzoquinones and naphthoquinones bind to the QB site 10–30-fold
weaker than to the QA site [11,12], but the main failure is energetic.
Several studies have shown that replacing QA by a quinone with lower
midpoint potential (Em) thanUQA reveals functional electron transfer to
some non-native quinones as QB [13–16]. However, no quinones other
than ubiquinone (UQ — 2,3-dimethoxy-5-methyl-6-isoprenyl-1,4-ben-
zoquinone) – and, rather poorly, rhodoquinone (RQ — 2-methoxy-3-
amino-5-methyl-6-isoprenyl-1,4-benzoquinone) – have been found to
effectively replace both QA and QB function simultaneously in the same
protein [11,17]. Thus, the necessarymodulation of redox potentials that
allows favorable forward electron transfer to QB is, so far, peculiar to
benzoquinones with a 2-methoxy group.
It has long been known that the dihedral angle ofmethoxy groups on
substituted benzoquinones can have a substantial impact on the electron
afﬁnity (redox potential) of the quinone, the basicity of the carbonyl
oxygens [18–21] and on the bond order (and hence vibrational
frequencies) of the CfC and CfO bonds [22,23]. An FTIR study by Remy
et al. [24], comparing the IR marker bands of the methoxy groups of
ubiquinone in vitro and in the QA and QB binding sites, indicated that the
methoxy conformations were essentially the same in all cases. This led
them to conclude that the orientations of the methoxy groups were not
responsible for the unusually low frequencyof the C4-carbonyl stretch of
QA [25,26]. It would also seem to imply that the functional (redox
potential) differences between QA and QB are not signiﬁcantly deter-
mined by themethoxy torsion angles. Nevertheless,we showhere, using
Fig. 1. Reconstitution of QA in fully extracted reaction centers (0Q RCs — residual
QA≈9%). The amplitude of P+ formation following a ﬂash was measured at 430 nm.
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uniquely required to allow simultaneous activity in the QA and QB sites.
2. Methods and materials
The growth conditions and media for bacterial cells, as well as the RC preparation
procedure, have been described previously [27,28]. RCs were isolated from strains R26,
GA and His-tagged 2.4.1 [29], using published procedures.
Quinones were extracted from the RCs by the method of Okamura et al. [4] as
modiﬁed by Gunner et al. [9], using 10 mM o-phenathroline and 2% LDAO. Titrations of
QA and QB activity were determined by addition of quinones from stock solutions in
ethanol to suspensions of isolated RCs (approx. 1 µM) in 0.045% LDAO, and 10 mM Tris,
pH 8.0. Reconstitution of QA was assayed by the amplitude of the ﬂash induce signal at
430 nm, indicating P+ formation. QB activity was assayed by the amplitude and lifetime
of the slow phase of P+ decay, indicating back reaction from the P+QAQB− state. Measure-
ments were made on a spectrophotometer of local design.
Fourier transform infrared spectroscopy (FTIR) was performed by attenuated re-
ﬂectance on a BioRad model 575 equipped with a three-bounce diamond prism (SensIR).
In vitro quinone spectra were taken of thin ﬁlms dried on the prism from the ethanolic
solution. Protein (RC) sampleswere prepared by themethod of Rich [44], inwhich RCs are
centrifugedaftermassivedilution to reduce thedetergent level. Theprotein,whenapplied
to theprism surface andpartially dried, adheres and canbe rehydratedwithout loss. QA−/QA
spectra were obtained in two ways — by perfusion with dithionite alternated with
ferricyanide, and by light–dark cycle in the presence of DAD and ascorbate to rereduce P+.
Monomethoxy quinones (see Scheme 1) were synthesized according to a procedure
developed by Lipshutz et al. as an improved route to Coenzyme Q-10 (UQ-10) [30,31].
Ubiquinone-4 and ubiquinone-10 were obtained from Sigma. All quinone stocks were
in ethanol, and stored at −80 °C. Stocks were assayed by borohydride reduction, using
the same extinction coefﬁcient as for ubiquinone, Δε278=14 mM−1 cm−1.
3. Results
3.1. Reconstitution of QA activity in extracted reaction centers
Titrations of activity with monomethoxy Qs in 0Q and 1Q RCs
tested the ability to bind and restore QA and QB activity. With 0Q RCs,
the recovery of light-activated charge separation (P+QA− formation)
shows that QA function is restored to quinone-extracted RCs (Fig. 1).
Both 2-MeO-Q and 3-MeO-Q bind readily and restore QA activity. The
afﬁnities are sufﬁciently strong that the dissociation constants cannot
be reliably determined under these conditions (low detergent), and
appear indistinguishable from each other and from UQ-4 (not shown).
The P+ decay kinetics at low concentrations were predominantly
fast for all quinones, corresponding to the P+QA− charge recombination
process. For ubiquinone (native UQ-10 or UQ-3 or UQ-4), the lifetime
was 98±7 ms, but were signiﬁcantly slower for 3-MeO-Q, and mono-
phasic, with τ=145±5 ms. This is similar to what is observed for
duroquinone, and other small quinones [8,11]. It is not expected that
the redox potential of QA for these quinones will be very much higher
than for ubiquinone (which could cause slowing of back reaction), and
it is possible that they adopt a slightly different position that lessens
the electronic coupling to P+. For small, tailless quinones this is readily
imagined, but it is not obvious why this would be the case for 3-MeO-
Q, with a tetra-isoprene side chain.
3.2. Reconstitution of QB in extracted reaction centers
For UQ and 2-MeO-Q, a slow phase of charge recombination was
also apparent and increased in amplitude at higher Q concentrations.Scheme 1.This is indicative of QB activity and corresponds to the P+QB− charge
recombination process, which largely proceeds via P+QA−:
When the direct recombination route, kBP, is slow, as is the case
here, the observed lifetime of the slow phase of charge recombination
(τP) is a measure of the one-electron equilibrium constant between QA
and QB: τP=τAP (1+KAB(1)), where τAP=1/kAP [2,32,33]. If dissociation of
quinone from the QB site and escape from the RC-detergentmicelle are
slow, the amplitude of the slow phase of charge recombination is a
convenient assay of binding. However, for smaller and less hydro-
phobic quinones, exchange between micelles on the time scale of the
back reaction makes the kinetics effectively polyphasic, and quantita-
tion of QB binding from the amplitude of the slow phase is not reliable.
At room temperature, this is increasingly the case for isoprenyl
quinones smaller than UQ-7 [11,34].
Under such conditions, the binding equilibrium process makes the
slow phase kinetics quinone concentration dependent [2,33,34], and
the average lifetime is a good indicator of QB activity. The saturation
value gives the equilibrium constant for the electron transfer between
QA and QB, according to the equation above. By this measure, the
effectiveness of 2-MeO-Q as QB is conﬁrmed (Fig. 2), yielding a maxi-
mum slow back reaction time constant of about 1 s, at [Q]≥15 µM,
which is indistinguishable from UQ-3 and UQ-4 (not shown, but see
[11]). On the other hand, 3-MeO-Q showed no signs of a QB-related
slow phase. This was not due to lack of binding as 3-MeO-Q competed,
albeit weakly, with UQ for restoring QB activity (not shown).
As a preliminary test of where the limitation for 3-MeO-Q function
arises, titrations of QB activity were repeated in reaction centers with
native UQ-10 as QA (1Q-RCs). The result was the same— only 2-MeO-Q
was active (Fig. 2, open symbols), indicating that the failure of 3-MeO-Q
lies in its interactions with the QB site.
3.3. IR spectra of the monomethoxy-Qs
The FTIR spectra of dried ﬁlms of the two monomethoxy-Qs and of
UQ-4 are shown in Fig. 3. The two monomethoxy-Qs are very similar,
as expected, and the differences fromUQ-4 are entirely understandable
in terms of the known structural differences. All three quinones show
two CfO stretch frequencies, located between 1640 and 1665 cm−1.
However, the origins of the double peaks are different, as discussed
Fig. 4.QA−-minus-QA FTIR difference spectra of RCs with different quinones reconstituted
as QA. Top to bottom: 3-MeO-Q, UQ-4, 2-MeO-Q.
Fig. 2. Reconstitution of QB activity in 0Q RCs (solid symbols) and 1Q RCs, containing
UQ-10 as QA (open symbols). The lifetime of the P+ decay was measured at 430 nm.
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arise from the ring CfC stretch, and the differences are consistent with
the swap of a methoxy for a methyl, due in part to its smaller mass.
The extra ring methyl in the monomethoxy-Qs is seen as an en-
hanced CH3 absorption at 1374 cm−1, while ubiquinone shows extra
methoxy δCH3 at 1436 cm−1, riding on the larger δCH2 from the
isoprene side chain. This contradicts an earlier proposal that the 1450
and 1436 cm−1 peaks of ubiquinone arise exclusively from δCH2 and
δCH3modes of the isoprene chain [24]. Another difference is the single
peak at 1334 cm−1 in UQ-4, compared to two peaks at 1314 and
1344 cm−1 in the two monomethoxy-Qs. A similar splitting is seen
when either of the methoxy ring carbons (C2 or C3) are isotopically
(13C) labeled [24]. (Note that the work in [24] and [26] uses a different
ring numbering system, such that C2 and C3 as used here are C6 and
C5, respectively.)
The methoxy group frequencies are dominated by absorbance at
1261–1263 cm−1, which is assigned to the C–O–CH3 bend. For ubi-
quinone, the smaller band at 1287 cm−1 has also been assigned to the
C–O–CH3 vibrations on the basis of isotopic labeling of the ring car-
bons [24]. The band at 1204 cm−1 has been associated with methoxy
group vibration [35], but it is not affected by 13C-labeling of the ringFig. 3. Infrared spectra of dried ﬁlms of quinones. Top to bottom: 3-MeO-Q, UQ-4,
2-MeO-Q.carbons at positions 2 and 3 [24]. These smaller bands in UQ corres-
pond to those at 1290 and 1196 cm−1 in the monomethoxy-Qs.
3.4. FTIR of QA−/QA with monomethoxy Qs
The methoxy group vibrations of QA are revealed in the PQA−-
minus-PQA difference spectra shown in Fig. 4 for RCs reconstituted
with UQ-4 and the two monomethoxy-Qs. Negative and positive
peaks correspond to vibrations in the ground state (PQA) and semi-
quinone (PQA−) state, respectively. There are notable differences be-
tween all three preparations. The spectrum for UQ-4 reconstituted RCs
is essentially as reported many times for native RCs (with UQ-10)
[25,26,35,36]. The main methoxy band is at 1263 cm−1, very close to
the position in vitro. The shoulder or minor peak at 1256 cm−1 has not
been deﬁnitively assigned to methoxy, but this was suggested by
Wells et al. [37]. The peaks at 1287 and 1206 cm−1 correspond well to
the putative methoxy bands in vitro.
For 2-MeO-Q reconstituted RCs, the main methoxy band is a single
narrow peak at 1256 cm−1, providing incidental support for the iden-
tiﬁcation of this band in native RCs. The bands at 1287 and 1207 cm−1
are essentially unchanged. For 3-MeO-Q reconstituted RCs, the main
methoxy band is at 1260 cm−1 and is notably broader. The 1287 cm−1
band is essentially unchanged, but the band at 1204 cm cm−1 is broad
and indistinct. The relative magnitudes of the 1287 cm−1 band, com-
pared to themain peak at 1256–1263 cm−1, are not notably different in
the three preparations. The 1206–1207 cm−1 band is similar in UQ-4
and 2-MeO-Q reconstituted RCs, but the 1204 cm−1 band in 3-MeO-Q
reconstituted RCs is much weaker.
4. Discussion
Titrations of QA and QB activity in 0Q and 1Q RCs clearly support
the notion that a 2-methoxy group is required for simultaneous
function of a single quinone species in the two binding sites. As
previously shown for plastoquinone, failure of 3-MeO-Q to perform
this function is not due to lack of binding, but reﬂects a substantially
unfavorable redox potential difference between the two sites. This
result is potentially at odds with the ﬁnding of Remy et al. [24] that the
orientations of the methoxy groups of ubiquinone are essentially the
same in the QA and QB sites.
Fig. 5. Ramachandran plot of peptide bond angles for the quinone binding loops of the
QA site (residuesM219 toM266) and QB site (residues L190 to L230), showing the outlier
GlyL225. Structure ﬁle 1aig.pdb.
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properties
The IR marker bands for the methoxy groups of ubiquinone in vitro
and in the QA and QB sites of RCs from Rba. sphaeroides are remarkably
similar. The methoxy torsional angle is known to strongly inﬂuence
the properties of substituted quinones, with experimental evidence
from redox potentials [19] and IR frequencies of the CfO stretch
[22,23], and several computational studies to support it [18–21,38,39].
When a methoxy group is out-of-plane, the electronegativity of the
oxygen is manifest and the group is effectively electron withdrawing.
When the methoxy is in-plane, the oxygen lone pairs can conjugate
with the π-orbital of the ring CfC–CfO system; the net effect is that a
single methoxy is more electron donating than a methyl group. This
means that the redox potential of methoxy-substituted quinones can
be tuned by ﬁxing the torsional angle, as might be achieved in the
binding site of an enzyme such as the many ubiquinone-active bio-
energetic complexes. The in-plane conformation is expected to lower
the one-electron Em, while the out-of-plane conformer has a higher
Em.
For an isolated methoxy group, the in-plane conformation is pre-
ferred, especially with the methyl pointing away from the proximal
carbonyl group. If the adjacent ring carbon is substituted, even with a
methyl group, this in-plane conformer is prohibited. The alternative in-
plane conformer experiences some steric clash between the methoxy
methyl and the carbonyl lone pairs, but is still marginally favorable
over the out-of-plane conformer. If the substituents on the two
adjacent ring carbons are bothmethoxy groups – i.e., a 2,3-dimethoxy
conﬁguration like ubiquinone – only one methoxy group can be in-
plane at a time. This gives rise to anomalous properties of ubiquinones
when compared to other dimethoxy quinones, i.e., 2,5- and 2,6-
dimethoxy-1.4-benzoquinone. It also presents multiple opportunities
for setting the functional redox potential of ubiquinone in different
proteins, according to the architecture of the binding sites.
In Rba. sphaeroides RCs, it has been noted that very few quinones
can provide the different redox potentials of QA and QB necessary for
forward electron transfer, when functioning simultaneously as QA and
QB — in fact, only ubiquinones do so at all adequately. Rhodoquinone
does so, but with a signiﬁcantly smaller redox potential drop. Notably
both ubiquinone and rhodoquinone possess a 2-methoxy group. In
contrast, plastoquinones cannot act simultaneously as QA andQB in RCs
from Rba. sphaeroides, although they do so in RCs of Photosystem II
[11]. It was therefore suggest that the methoxy group(s) of ubiquinone
and rhodoquinone were instrumental in the establishing the redox
potential gap between QA and QB in RCs from Rba. sphaeroides. Un-
fortunately, although there are now many X-ray crystal structures of
RCs, the orientations of all the methoxy groups are still poorly deﬁned
[3].
In IR spectroscopy, the equivalent effect of a methoxy group is to
down shift the CfO stretch of the conjugated (distal) carbonyl when
the methoxy group is in-plane. In the case of the monomethoxy-Qs,
the ring substitution is asymmetric and the carbonyls are inequi-
valent. Thus, the two peaks at 1640 and 1650 cm−1 each correspond to
one carbonyl, coupled either to a CfC-methyl or a CfC-methoxy. The
single methoxy group with an adjacent methyl can be predominantly
in-plane. In UQ-4, however, the ring substitution is almost symme-
trical (the C5 methyl and C6 isoprene substituents are very similar in
effect), and the two CfO stretches might be expected to be very
similar. However, the two methoxy groups cannot simultaneously
adopt the preferred in-plane conﬁguration, although both can do so
individually. Since either methoxy can adopt either conﬁguration,
both carbonyls contribute to both the observed bands (at 1664 and
1650 cm−1). The roughly equivalent amplitudes indicate that the in-
and out-of-plane conformers are similarly populated. For the mono-
methoxy-Qs, a weak shoulder is seen at about 1656 cm−1, which may
correspond to some splitting by the orientation of the single methoxy.This spectroscopic correspondence with the redox behavior of
methoxy quinones suggests that IR spectroscopy could test if the
distinct properties of QA and QB in RCs are partly derived from differ-
ences in the methoxy torsional angles of the two quinones. Remy et al.
compared the methoxy marker bands for ubiquinone in vitro and in
the QA and QB sites, using UQ site-speciﬁcally 13C-labeled at the C2 and
C3 positions, and found them to be essentially the same [24]. This led
them to conclude that the methoxy groups do not account for the
substantially different C4fO stretch frequency of QA, which is much
lower (1600 cm−1) than that of QB (1640 cm−1) or in vitro (1650–
1665 cm−1) [25,26,40,41]. Although it is not the main focus of this
communication, it is worth noting that the C4fO stretch of 3-MeO-Q
as QA is at 1609 cm−1 (not shown). This is signiﬁcantly up-shifted
compared to UQ and 2-MeO-Q (both at 1600–1601 cm−1), indicating
some inﬂuence of the 2-methoxy conjugation on the CfO stretch
mode. However, this is only a small fraction of the 40 cm−1 downshift
of this mode (relative to the lower frequency in vitro band) in the
native QA and is not at odds with the basic conclusion of Remy et al.
4.2. Methoxy group IR spectra of quinones in the QA site
The monomethoxy quinones in the QA site reveal differences
between the IR spectra of the twomethoxy groups that are not evident
in the native (ubiquinone) spectra, and suggest rather different con-
clusions from those of Remy et al. The native ubiquinone spectrum is
characterized by a main peak at 1263 cm−1 with a distinct shoulder at
1256 cm−1. The assignment of the latter feature has not been deﬁ-
nitively made, but the presence of this peak alone in the 2-MeO-Q
spectrum strongly suggests that it corresponds to the 2-methoxy group
in awell-deﬁned conformation. In contrast, the QA spectrum of 3-MeO-
Q is a single peak at 1260 cm−1. The band is broad by comparison to UQ
and 2-MeO-Q, and we suggest that this reﬂects a range of conforma-
tions that the 3-methoxygroup can adopt. This is consistentwith the X-
ray structures of native RCs, which show quite different environments
around the two methoxys of QA [3]. For the 3-methoxy group there are
no candidates for hydrogen bonding,whereas the 2-methoxygroup has
two candidates for long hydrogen bonds to the peptide amides of
AlaM249 and AlaM260. There is also a signiﬁcant difference in packing
densityaround the twomethoxygroups, providing less steric constraint
for the 3-methoxy group. In the native ubiquinone, the adjacent 2-
methoxy group is likely to constrain the 3-methoxy conformation,
whereas the 2-methyl group in 3-MeO-Q may be less effective in this
role.
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methoxy dihedral angles, which are not deﬁnitive for either quinone
[3]. It is especially noteworthy – and perhaps paradoxical – that the
orientation of the 3-methoxy of QA is the best established by the X-ray
data, with a dihedral angle of −77±8°, in spite of the dirth of structural
constraints on it. The 2-methoxy, on the other hand, is less well
deﬁned, in spite of twoweak hydrogen bonding partners within reach.
With a dihedral angle of 139±25° it is somewhat closer to being in-
plane, and a few structures have the 2-methoxy almost fully in-plane
and potentially hydrogen bonded to both AlaM249 and AlaM260.
The 1206–1207 cm−1 band has been proposed to be a methoxy
mode by Breton et al. It is shifted in U-13C-labeled UQ [35] but is
unaffected by site-speciﬁc labeling at the C2 or C3 positions [24], and
maycorrespond to a O–CH3mode. This vibration is veryweak in theQA
spectrumof 3-MeO-Q, possibly at 1204 cm−1.Whether it is intrinsically
weak or is broadened in the sameway as themain band is unclear. The
1287 cm−1 band, which is unshifted in the monomethoxy-Qs, is also
proposed to correspond to the methoxy groups. The peak shifts upon
site-speciﬁc 13C-labeling [24], although loss of intensity makes the
magnitude of the shift rather uncertain; by comparison, themain band
at 1263 cm−1 clearly shifts to 1254 cm−1. The conclusion from these
site-speciﬁc 13C-labeling studies is that both methoxy groups con-
tribute more or less equally to both bands, at 1287 and 1263 cm−1.
However, asymmetrical lobes of the double difference spectra may
suggest some contributions from a 1256 cm−1 component.
Although suggestive of how both X-ray structures and IR spectral
data can be inconclusive for determining cofactor conformations, the
present IR study does not directly address the lack of functionality of
3-MeO-Q as both QA and QB simultaneously. The titration of 1Q RCs
strongly suggests that the “problem” lies in the QB site and the spectral
features of 3-MeO-Q as QB cannot therefore be examined. We are
currently attempting to address this by using mutant RCs in which
IleM265 has been changed to threonine, which causes a 100 mV drop in
the redox potential of QA [27,37,42]. In the meantime, we speculate
that the orientation of the 2-methoxy group of UQB is critical for
setting the redox potential of UQB 75 mV higher than that of UQA.
4.3. Structural implications for the 2-methoxy role in QB function
As for QA, available X-ray structures do not provide good deﬁnition
of the methoxy orientations for QB, but a consensus [3] yields dihedral
angles of −90±9° and 88±20° for the 2- and 3-methoxy groups,
respectively. These are roughly 180° different from the conformation for
QA, but superﬁcially similar in terms of conjugation effects. However,
the quinone binding sites provide very distinct hydrogen bonding pat-
terns for QA and QB. The 2-methoxy oxygen of UQB (in the so-called
proximal – and functional – position) is well endowed with potential
donors, notably the peptide nitrogens of GlyL225 and ThrL226. For the 3-
methoxy group, the most prevalent hydrogen bonding interaction is
with Nδ of HisL190, pointing away from the carboxyl group of GluL212. In
the somewhat better deﬁned QB site structures of the Blc. viridis RC, this
histidine formsbifurcatedH-bonds to the carbonyl O4 andmethoxyO3.
It is noteworthy that this interaction cannot occur for QA in Rba.
sphaeroides because the methoxy groups of QA and QB are almost 180°
out of phase and the 3-methoxy lone pairs of QA are too distant (N4.4 Å)
and point away fromHisM219. This represents a striking departure from
the overall C2 symmetry relating the two sites [3].
We suggest that the 1-electron redox potential difference between
QA and QB is established by unique interactions of the 2-methoxy
group of QB with the surrounding protein. This may include hydrogen
bonding to the methoxy oxygen, as well as a speciﬁc torsional angle
maintained by hydrogen bonds and steric constraints. Remy et al. [24]
found no signiﬁcant difference among any of the methoxy group
frequences in QA, QB or in vitro, but the present study suggests that
distinct methoxy orientations are discernable in QA (1263 cm−1 vs.
1256 cm−1). Although this difference is small, the functionalsigniﬁcance of the 2-methoxy group is indisputable. To reconcile
these observations, it should be borne in mind that the redox free
energy difference between QA and QB is only 75 mV. This is small
compared to the range of energies calculated to attend the rotation of
a methoxy group on benzoquinone [20,21,23]. Thus, the necessary
distinction between the two methoxy groups in the two quinone
binding sites may correspond to rather small spectral shifts.
Considering the origins of such differences between the two sites, a
Ramachandran analysis of the QA and QB binding loops shows GlyL225
in the QB site to bewell outside the normal range ofφ−ψ angles (Fig. 5),
allowing it to present its peptideNHas a hydrogenbonddonor to the 2-
methoxy oxygen of QB. A mutation at this position has been reported
for Rba. capsulatus in a second site reversion mutant, but no details of
its properties were given [43]. It may be signiﬁcant that the homo-
logous residue in the QA site is ThrM261, which has been implicated in
the mechanism whereby the IleM265→Thr mutation causes a large
drop in the Em of QA [37].
5. Note added in proof
Although X-ray diffraction data indicate very little light-induced
structural change in QA, i.e., upon reduction to QA− [45]. Recent high
resolution EPR studies have suggested that the quinone rotates in the
ring plane (around the z-axis) by as much as 60° [46]. This would
almost certainly imply changes in hydrogen-bonding and non-
bonding interactions with the protein, such that the physical and
spectroscopic properties of the semiquinone cannot be safely related
to the X-ray structures.
Acknowledgements
The work was supported by NSF grant MCB 03-44449 to CAW.
References
[1] C.A. Wraight, The involvement of stable semiquinones in the two-electron gates
of plant and bacterial photosystems, in: B.L. Trumpower (Ed.), Function of
Quinones in Energy Conserving Systems, Academic Press, New York, 1982,
pp. 181–197.
[2] V.P. Shinkarev, C.A. Wraight, Electron and proton transfer in the acceptor quinone
complex of reaction centers of phototrophic bacteria, in: J. Deisenhofer, J.R. Norris
(Eds.), The Photosynthetic Reaction Center, vol. 1, Academic Press, San Diego, 1993,
pp. 193–255.
[3] C.A. Wraight, M.R. Gunner, The acceptor quinones of purple photosynthetic
bacteria— structure and spectroscopy, in: C.N. Hunter, F. Daldal, M.C. Thurnauer, J.T.
Beatty (Eds.), The Purple Phototrophic Bacteria, Springer, The Netherlands, in press.
[4] M.Y. Okamura, R.A. Isaacson, G. Feher, The primary acceptor in bacterial photo-
synthesis: obligatory role of ubiquinone in photoactive reaction centers of Rho-
dopseudomonas sphaeroides, Proc. Natl. Acad. Sci. U. S. A. 72 (1975) 3492–3496.
[5] R. Schmid, F. Goebel, A. Warnecke, A. Labahn, Synthesis and redox potentials of
methylated vitamin K derivatives, J. Chem. Soc., Perkin Trans. II (1999) 1199–1202.
[6] A. Labahn, J.M. Bruce, M.Y. Okamura, G. Feher, Direct charge recombination from
D+QAQB− to DQAQB in bacterial reaction centers from Rhodobacter sphaeroides con-
taining low potential quinone in the QA site, Chem. Phys. 97 (1995) 355–366.
[7] K. Warncke, P.L. Dutton, Inﬂuence of QA site cofactor structure on equilibrium
binding, in situ electrochemistry, and electron-transfer performance in the photo-
synthetic reaction center protein, Biochemistry 32 (1993) 4769–4779.
[8] N.W. Woodbury, W.W. Parson, M.R. Gunner, R.C. Prince, P.L. Dutton, Radical-pair
energetics and decaymechanisms in reaction center containing anthraquinones or
benzoquinones in place of ubiquinone, Biochim. Biophys. Acta 851 (1986) 6–22.
[9] M.R. Gunner, D.E. Robertson, P.L. Dutton, Kinetic studies on the reaction center
protein from Rhodopseudomonas sphaeroides: the temperature and free energy
dependence of electron transfer between various quinones in the QA site and the
oxidized bacteriochlorophyll dimer, J. Phys. Chem. 90 (1986) 3783–3795.
[10] O. Hucke, R. Schmid, A. Labahn, Exploring the primary electron acceptor (QA)-site
of the bacterial reaction center from Rhodobacter sphaeroides. Binding mode of
vitamin K derivatives, Eur. J. Biochem. 269 (2002) 1096–1108.
[11] J.C. McComb, R.R. Stein, C.A. Wraight, Investigations on the inﬂuence of headgroup
substitution and isoprene side-chain length in the function of primary and sec-
ondary quinones of bacterial reaction centers, Biochim. Biophys. Acta 1015 (1990)
156–171.
[12] K.Warncke, M.R. Gunner, B.S. Braun, L. Gu, C.A. Yu, J.M. Bruce, P.L. Dutton, Inﬂuence
of hydrocarbon tail structure on quinone binding and electron-transfer perfor-
mance at the QA and QB sites of the photosynthetic reaction center protein, Bio-
chemistry 33 (1994) 7830–7841.
636 C.A. Wraight et al. / Biochimica et Biophysica Acta 1777 (2008) 631–636[13] K.M. Giangiacomo, P.L. Dutton, In photosynthetic reaction centers, the free energy
difference for electron transfer between quinones bound at the primary and
secondary quinone-binding sites governs the observed secondary site speciﬁcity,
Proc. Natl. Acad. Sci. U. S. A. 86 (1989) 2658–2662.
[14] M.S. Graige, M.L. Paddock, J.M. Bruce, G. Feher, M.Y. Okamura, Mechanism of
proton-coupled electron transfer for quinone (QB) reduction in reaction centers of
Rb. sphaeroides, J. Am. Chem. Soc. 118 (1996) 9005–9016.
[15] J. Li, D. Gilroy, D.M. Tiede, M.R. Gunner, Kinetic phases in the electron transfer from
P+QA−QB to P+QAQB− and the associated processes in Rhodobacter sphaeroides R-26
reaction centers, Biochemistry 37 (1998) 2818–2829.
[16] J. Li, E. Takahashi, M.R. Gunner, −ΔGABo and pH dependence of the electron transfer
from P+QA−QB to P+QAQB− in Rhodobacter sphaeroides reaction centers, Biochemistry
39 (2000) 7445–7454.
[17] M.S. Graige, M.L. Paddock, G. Feher, M.Y. Okamura, Observation of the protonated
semiquinone intermediate in isolated reaction centers from Rhodobacter sphaer-
oides: implications for the mechanism of electron and proton transfer in proteins,
Biochemistry 38 (1999) 11465–11473.
[18] D.L. Breen, Coenzyme Q: amolecular orbital study, J. Theor. Biol. 53 (1975) 101–113.
[19] R.C. Prince, P.L. Dutton, J.M. Bruce, Electrochemistry of ubiquinones, menaqui-
nones and plastoquinones in aprotic solvents, FEBS Lett. 160 (1983) 273–276.
[20] R.C. Prince, T.R. Halbert, T.H. Upton, Structural inﬂuences on the electrochemistry
of ubiquinone, in: C.H. Kim, H. Tedeschi, J.J. Diwan, J.C. Salerno (Eds.), Advances in
Membrane Biochemistry and Bioenergetics, Plenum Press, 1988, pp. 469–478.
[21] H.H. Robinson, S.D. Kahn, Interplay of substituent conformation and electron afﬁnity
in quinone models of quinone reductases, J. Am. Chem. Soc. 112 (1990) 4728–4731.
[22] C. Boullais, E. Nabedryk, J.-R. Burie, M. Nonella, C. Mioskowski, J. Breton, Site-
speciﬁc isotope labeling demonstrates a large mesomeric resonance effect of the
methoxy groups on the carbonyl frequency in ubiquinones, Photosynth. Res. 55
(1998) 247–252.
[23] J.-R. Burie, C. Boullais, M. Nonella, C. Mioskowski, E. Nabedryk, J. Breton,
Importance of the conformation of methoxy groups on the vibrational and
electrochemical properties of ubiquinones, J. Phys. Chem. B 101 (1997) 6607–6617.
[24] A. Remy, R.B. Boers, T. Egorova-Zachernyuk, P. Gast, J. Lugtenberg, K. Gerwert, Does
different orientation of the methoxy groups of ubiquinone-10 in the reaction
center of Rhodobacter sphaeroides cause different binding at QA and QB, Eur. J.
Biochem. 270 (2003) 3603–3609.
[25] J. Breton, C. Boullais, J. Burie, E. Nabedryk, C. Mioskowski, Binding sites of quinones
in photosynthetic bacterial reaction centers investigated by light-induced FTIR
difference spectroscopy: assignment of the interactions of each carbonyl of QA in
Rhodobacter sphaeroides using site-speciﬁc 13C-labeled ubiquinone, Biochemistry
33 (1994) 14378–14386.
[26] R. Brudler, H.J.M. de Groot,W.B.S. van Liemt,W.F. Steggerda, R. Esmeijer, P. Gast, A.J.
Hoff, J. Lugtenburg, K. Gerwert, Asymmetric binding of the 1- and 4-CfO groups of
QA in Rhodobacter sphaeroides R26 reaction centers monitored by Fourier trans-
form infra-red spectroscopy using site-speciﬁc isotopically labelled ubiquinone-10,
EMBO J. 13 (1994) 5523–5530.
[27] E. Takahashi, T.A. Wells, C.A. Wraight, Protein control of the redox potential of the
primary acceptor quinone in reaction centers from Rhodobacter sphaeroides, Bio-
chemistry 40 (2001) 1020–1028.
[28] E. Takahashi, C.A. Wraight, Proton and electron transfer in the acceptor quinone
complex of Rhodobacter sphaeroides reaction centers: characterization of site-
directed mutants of the two ionizable residues, GluL212 and AspL213, in the QB-
binding site, Biochemistry 31 (1992) 855–866.
[29] J.O. Goldsmith, S.G. Boxer, Rapid isolation of bacteria photosynthetic reaction
centers with an engineered poly-histidine tag, Biochim. Biophys. Acta 1276 (1996)
171–175.
[30] B.H. Lipshutz, A. Lower, V. Berl, K. Schein, F. Wetterich, An improved synthesis of
the “miracle nutrient” Coenzyme Q10, Org. Lett. 7 (2005) 4095.[31] B.H. Lipshutz, P. Mollard, S.S. Pfeiffer, W. Chrisman, A short, highly efﬁcient syn-
thesis of Coenzyme Q10, J. Am. Chem. Soc. 124 (2002) 14282–14283.
[32] D. Kleinfeld, M.Y. Okamura, G. Feher, Electron transfer in reaction centers of
Rhodopseudomonas sphaeroides: I. Determination of the charge recombination
pathway of D+QAQB− and free energy and kinetic relations between QA−QB and QAQB−,
Biochim. Biophys. Acta 766 (1984) 126–140.
[33] C.A. Wraight, R.R. Stein, Bacterial reaction centers as a model for photosystem II:
Turnover of the secondary acceptor quinone, in: Y. Inoue, A.R. Crofts, Govindjee, N.
Murata, G. Renger, K. Satoh (Eds.), The Oxygen Evolving System of Photosynthesis,
Academic Press, New York, 1983, pp. 383–393.
[34] V.P. Shinkarev, C.A. Wraight, The interaction of quinone and detergent with
reaction centers of purple bacteria. I. Slow quinone exchange between reaction
center micelles and pure detergent micelles, Biophys. J. 72 (1997) 2304–2319.
[35] J. Breton, J.-R. Burie, C. Berthomieu, G. Berger, E. Nabedryk, The binding sites of
quinones in photosynthetic bacterial reaction centers investigated by light-induced
FTIR difference spectroscopy: assignment of the QA vibrations in Rhodobacter
sphaeroides using 18O- or 13C-labeled ubiquinone and vitamin K1, Biochemistry 33
(1994) 4953–4965.
[36] J. Breton, E. Nabedryk, Protein–quinone interactions in the bacterial photosyn-
thetic reaction center: light-induced FTIR difference spectroscopy of the quinone
vibrations, Biochim. Biophys. Acta 1275 (1996) 84–90.
[37] T.A. Wells, E. Takahashi, C.A. Wraight, Protein control of the redox potential of the
primary quinone acceptor in reaction centers from Rhodobacter sphaeroides,
Biochemistry 42 (2003) 4064–4074.
[38] M. Nonella, C. Brändli, Density functional investigation of methoxy-substituted
p-benzoquinones: conformational analysis and harmonic force ﬁelds of 2-methoxy-
and 2,3-dimethoxy-1,4-benzoquinone, J. Phys. Chem. 100 (1996) 14549–14559.
[39] M. Nonella, G. Mathias, M. Eichinger, P. Tavan, Structures and vibrational fre-
quencies of the quinones of Rb. sphaeroides derived by a combined density
functional/molecular mechanics approach, J. Phys. Chem. B 107 (2003) 316–322.
[40] J. Breton, C. Boullais, G. Berger, C.Mioskowski, E. Nabedryk, Binding sites of quinones
in photosynthetic bacterial reaction centers investigated by light induced FTIR
difference spectroscopy: symmetry of the carbonyl interactions and close equiva-
lence of the QB vibrations in Rhodobacter sphaeroides and Rhodopseudomonas viridis
probed by isotopic labeling, Biochemistry 34 (1995) 11606–11616.
[41] R. Brudler, H.J.M. de Groot, W.B.S. van Liemt, A.J. Hoff, J.L. Lugtenburg, K. Gerwert,
FTIR spectroscopy shows weak symmetric hydrogen bonding of the QB carbonyl
groups in Rhodobacter sphaeroides R26 reaction centres, FEBS Lett. 370 (1995)
2–14.
[42] L. Rinyu, E.W. Martin, E. Takahashi, P. Maróti, C.A. Wraight, Modulation of the free
energy of the primary quinone acceptor (QA) in reaction centers from Rhodobacter
sphaeroides: contributions from the protein and protein–lipid(cardiolipin) inter-
actions, Biochim. Biophys. Acta 1655 (2004) 93–101.
[43] D.K. Hanson, D.M. Tiede, S.L. Nance, C.H. Chang, M. Schiffer, Site-speciﬁc and
compensatory mutations imply unexpected pathways for proton delivery to the
QB binding site of the photosynthetic reaction center, Proc. Natl. Acad. Sci. U. S. A.
90 (1993) 8929–8933.
[44] M. Iwaki, L. Giotta, A.O. Akinsiku, H. Schägger, N. Fisher, J. Breton, P.R. Rich, Redox-
induced transitions in bovine cytochrome bc1 complex studied by perfusion-
induced ATR-FTIR spectroscopy, Biochemistry 42 (2003) 11109–11119.
[45] M.H.B. Stowell, T.M. McPhillips, D.C. Rees, S.M. Soltis, E. Abresch, G. Feher, Light-
induced structural changes in photosynthetic reaction center: Implications for
mechanism of electron-proton transfer, Science 276 (1997) 812–816.
[46] U. Heinen, L.M. Utschig, O.G. Poluektov, G. Link, E. Ohmes, G. Kothe, Structure of
the charge separated state P865+QA− in the photosynthetic reaction centers of
Rhodobacter sphaeroides by quantum beat oscillations and high-ﬁeld Electron
Paramagnetic Resonance: Evidence for light-induced QA− reorientation, J. Am.
Chem. Soc. 129 (2007) 15935–15946.
